Cells within the ventricular zone (VZ) of developing neocortex are coupled together into clusters by gap junction channels. The specific role of clustering in cortical neurogenesis is unknown; however, clustering provides a means for spatially restricted local interactions between subsets of precursors and other cells within the VZ. In the present study, we have used a combination of 5-bromo-2Ј-deoxyuridine (BrDU) pulse labeling, intracellular biocytin labeling, and immunocytochemistry to determine when in the cell cycle VZ cells couple and uncouple from clusters and to determine what cell types within the VZ are coupled to clusters. Our results indicate that clusters contain radial glia and neural precursors but do not contain differentiating or migrating neurons. In early neurogenesis, all precursors in S and G 2 phases of the cell cycle are coupled, and approximately half of the cells in G 1 are coupled. In late neurogenesis, however, over half of the cells in both G 1 and S phases are not coupled to VZ clusters, whereas all cells in G 2 are coupled to clusters. Increased uncoupling in S phase during late neurogenesis may contribute to the greater percentage of VZ cells exiting the cell cycle at this time. Consistent with this hypothesis, we found that pharmacologically uncoupling VZ cells with octanol decreases the percentage of VZ cells that enter S phase. These results demonstrate that cell clustering in the VZ is restricted to neural precursors and radial glia, is dynamic through the cell cycle, and may play a role in regulating neurogenesis.
The neurons and glia of the neocortex are generated from within the pseudostratified ventricular epithelium (PV E) (Takahashi et al., 1993) that surrounds the lateral ventricles of the embryonic forebrain. The PV E includes two populations of proliferating cells: ventricular zone (VZ) and subventricular zone (SVZ) cells (for references, see Boulder Committee, 1970) . The VZ is the first proliferative population to appear, contains radially oriented cells, and is believed to give rise to the majority of neocortical neurons. In the mouse, neuronal precursors in the VZ undergo a final division and leave the proliferative pool of cells between embryonic day 11 (E11) and E18. C ell nuclei in the VZ move between the basal and apical surfaces as the cells progress through the cell cycle. C ells enter S phase at the basal surface of the VZ and progress through G 2 as they move to the apical or ventricular surface where they then enter mitosis (M phase). After mitosis, the two daughter cells migrate back to the basal portion of the VZ where they either reenter or exit the cell cycle.
Several diff usible factors present in the VZ have been shown to either promote or inhibit the number of cortical precursors that remain in the cell cycle. Such factors include the amino acid neurotransmitters GABA and glutamate that reduce the number of VZ cells in S phase (L oT urco et al., 1995) and basic FGF (bFGF) that increases proliferation of neocortical precursors (Ghosh and Greenberg, 1995) . A recent paper has demonstrated that GABA can counter the proliferative effects of bFGF, suggesting an interaction between these distinct signaling systems (Antonopoulos et al., 1997) .
In addition to interacting with extracellular diffusible factors, cells within the VZ can interact directly with each other by intercellular coupling (LoTurco and Kriegstein, 1991) . The function of cell coupling in the VZ is not known; however, gap junction communication among cells has been shown to be an important regulator of development in other systems (Guthrie and Gilula, 1989) . In addition, as neurogenesis proceeds in the developing neocortex, clusters in the VZ progressively decrease in size (LoTurco and Kriegstein, 1991) , suggesting that a decrease in coupling is related to the increased output of neurons from the VZ. Of the known gap junction channel proteins, connexin 26, connexin 43, and connexin 45 (Dermietzel, 1996) have been shown to be expressed in the VZ, and the expression of connexins 26 and 43 increases to the middle of neurogenesis then decreases as neurogenesis terminates (Dermietzel et al., 1989; Nadarajah et al., 1997) . Although changes in coupling and in connexin expression indicate that interactions mediated by coupling in the VZ change during neurogenesis, it is not known what types of cells within the VZ are directly interacting or how coupling is related to the cell cycle of neocortical precursors. For example, clusters could be composed of precursors in one phase of the cell cycle or could contain cells in all phases. Furthermore, clusters could contain radial glia or postmitotic, migrating cells that are also located within the VZ. The cellular composition of clusters and any change in the composition constrain the types of direct interactions within the VZ that are mediated by gap junction channels.
To determine which cells are coupled into clusters in the VZ of developing neocortex, we have combined cluster labeling with 5-bromo-2Ј-deoxyuridine (BrDU) immunohistochemistry to identif y coupled cells in different phases of the cell cycle. In addition, we have used antibody markers for radial glial cells and a neuron-specific tubulin to examine whether these cell types are included within VZ clusters. Our results indicate that clusters are composed of precursors in all phases of the cell cycle, except M, contain radial glial cells but do not contain migrating or postmitotic neurons. Moreover, coupling is dynamic through the cell cycle; cells couple through S and G 2 , uncouple in M, recouple through G 1 in early neurogenesis, and recouple through S in late neurogenesis.
MATERIALS AND METHODS
Preparation of embr yos. Pregnant CD1 mice at E13-E18 were used in most experiments. Pregnant rats were used in some experiments to allow direct comparisons with results obtained previously with L ucifer yellow injections in rats. Embryonic age was determined by the presence of a vaginal plug (E0) and confirmed by the rump -crown length of the embryos (Schambra et al., 1992) . For BrDU labeling, pregnant animals were injected intraperitoneally with BrDU (Sigma, St. L ouis, MO) at 60 mg / kg in saline with 0.007N NaOH. Each animal was allowed to survive for a predetermined length of time, 1-2, 4, or 8 hr, before being killed.
Embryos were removed and placed in cold artificial C SF (AC SF), containing (in mM): 124 NaC l, 5 KC l, 2 MgC l 2 , 10 D-glucose, 1.25 NaH 2 PO 4 , 2 CaCl 2 , and 26 NaHC O 3 . Brains were dissected from the embryos, and several small explants of cortex (ϳ1 mm 2 ) were cut from the dorsomedial telencephalons. With the ventricular surface facing up, explants were attached to a 35 mm 2 Petri dish with plasma and thrombin (Sigma) as described previously (Blanton et al., 1989) . E xplants were placed in an oxygenated, humidified chamber (95% O 2 /5% C O 2 ) and allowed to clot. Slices were then immersed and stored at room temperature in AC SF saturated with 95% O 2 /5% C O 2 .
Pharmacolog ical uncoupling e xperiments. E xplants of E16 cortex and postnatal day 3 (P3) cerebellum were incubated for 4 hr in either halothane (1 mM) or octanol (1 mM) in AC SF (95% O 2 /5% C O 2 ) and then treated for 1 hr with 5 M BrDU. Sections were then fixed with 4% paraformaldehyde in 0.12 M phosphate buffer overnight in the refrigerator. Tissue was paraffin-embedded and processed for BrDU immunohistochemistry as described below.
Bioc ytin labeling and immunohistochemistr y. C lusters were filled with biocytin using whole-cell patch-clamp techniques (Blanton et al., 1989) . Glass patch pipettes were pulled with a Narishige gravity pipette puller such that resistances ranged from 8 to 12 M⍀. Pipettes were filled with (in mM) 130 C s gluconate, 10 EGTA, 10 H EPES, 1 C sC l, 1 MgC l 2 , and 1 CaCl 2 , and biocytin at ϳ2 mg /ml. Osmolality was adjusted to 275-300 mOsm. For cell injections, explants were moved to a chamber and continuously perf used with AC SF, 95% O 2 /5% C O 2 , at room temperature. Whole-cell patch-clamp recordings were made as described previously (L oT urco and Kriegstein, 1991) , and cells were filled with biocytin for ϳ10 min. Filling for Ͼ10 min did not label more cells within a cluster.
For biocytin and BrDU double labeling, explants were fixed with cold 4% paraformaldehyde in 0.12 M phosphate buffer at 4°C overnight. All subsequent incubations were performed at room temperature. E xplants were rinsed in PBS and then placed in 0.5% H 2 O 2 in PBS for 12-30 min to saturate endogenous peroxidase activity, and then placed in 1% normal goat serum and 0.2% Triton X-100 in PBS for 1 hr. Sections were next incubated with avidin -biotin horseradish peroxidase (ABC; Vector Laboratories, Burlingame, CA) in PBS and 0.1% Triton X-100 for 1 hr. Tissue was rinsed and then reacted with diaminobenzidine (Vector Laboratories, Burlingame, CA) in the presence of 0.05% H 2 O 2 to produce a brown precipitate. Some sections were then embedded in 1% agar in PBS, sliced at 100 m using a vibratome, wet-mounted with 90% glycerol /10% PBS, and photographed as described below. The remaining sections were dehydrated in ascending alcohols, cleared in xylene or Hemo-D (Fisher Scientific, Houston, TX), and paraffin-embedded. Paraffin blocks were sectioned at 5 m, and ribbons were collected onto gelatin-coated slides. Sections containing cells labeled with biocytin were then stained immunohistochemically for BrDU.
BrDU labeling was performed by clearing sections of paraffin, rehydrating, and rinsing in PBS heated to 65°C for 10 min. After two brief PBS rinses, DNA was exposed via incubation in 0.1N HC l with pepsin at 0.2 mg /ml for 6 -10 min. Next, tissue was placed in 0.2N HC l at 37°C for 20 min to separate the DNA strands. After several rinses to remove excess HC l, sections were blocked with 5% normal goat serum in PBS with 0.3% Triton X-100 and were placed in mouse anti-BrDU (Novocastra) diluted 1:200 in PBS, 1% normal goat serum, and 0.3% Triton X-100 for 1 hr. Sections were then processed with the indirect avidinbiotin horseradish peroxidase technique and visualized with nickelintensified diaminobenzidine. Tissue was lightly counterstained with 1% basic f uschin, dehydrated, cleared, and coverslipped in Permount.
For double fluorescent labeling, tissue fixed as described above was cryoprotected in 30% sucrose in PBS for 2 hr to overnight at 4°C. Tissue was changed to a 1:1 mixture of O.C.T. and PBS/sucrose and was left to incubate at 4°C overnight. Sections were placed in embedding molds (Electron Microscopy Sciences), surrounded by O.C.T., and quick frozen using liquid nitrogen vapors. Blocks were sliced at 8 m on a cryostat and mounted onto gelatin-coated slides. Tissue was then processed for double immunofluorescence.
Sections were incubated at room temperature with rhodamineconjugated avidin (Vector Laboratories) diluted 1:200 in H EPESbuffered saline, pH 8.2. Sections containing clusters were then stained immunocytochemically with either TUJ (Menezes and L uskin, 1994) or R AT 401 (Alvarez-Buylla et al., 1987) . Tissue was blocked in 3% normal goat serum, PBS, and 0.1% Triton X-100 for 45 min, was changed directly to primary in PBS and 0.05% Triton X-100 (diluted 1:500 for TUJ and 1:200 for R AT 401) for 1 hr, and was then reacted with goat anti-mouse fluorescein isothiocyanate (FI TC) IgG plus IgM (HϩL) (Jackson ImmunoResearch, West Grove, PA) diluted 1:200 in PBS, 0.05% Triton X-100, and 1% normal goat serum. Slides were rinsed with PBS, counterstained with 2 M 4,6-diamidino-2-phenylindole (DAPI; Sigma), and coverslipped in 90% glycerol /10% PBS.
Quantification and anal ysis. Sections were visualized with a Nikon Optiphot-2 microscope with an episcopic fluorescence attachment (EF D-3; Nikon). Images were captured with a cooled charge-coupled device video camera (Photometrics Imagepoint) using National Institutes of Health Image 1.59. BrDU indices of each cluster and the surrounding VZ were calculated. For the BrDU index of a cluster, the percentage of BrDU-labeled cells within the cluster was determined [(BrDU-and biocytin-labeled cells)/ biocytin-labeled cells]. For the BrDU index of the VZ, three fields of VZ at the same level and adjacent to where clusters were labeled were counted, and a BrDU-labeling index was determined (BrDU-labeled cells/total cells in the same field). The ventricular surface and the basal extent of the cluster were used to determine the width of the VZ. In older embryos, clusters never extended into the horizontally oriented cells in the SVZ. By using the extent of the clusters to define the VZ, we found that we were able to distinguish clearly between the VZ and SVZ populations in older neocortices. Support for our ability to distinguish between the VZ and SVZ comes from the observation that the percentages of BrDU-labeled cells in the VZ after both the 1-2 and 4 hr survival times were not different. Because VZ cells and not SVZ cells undergo interkinetic cell movement and because the index remains similar for both survival times, our BrDU index for the 1-2 hr survival time is primarily that of the VZ population. C luster and VZ BrDU-labeling indices were compared using ANOVA with the aid of SuperANOVA software running on a Power PC Macintosh. Post hoc analysis was also performed with SuperANOVA.
Visualization of fluorescent markers was performed using standard filters. C lusters were visualized using a rhodamine filter set. FI TC labeling was observed using an excitation filter of 465-495 nm and a barrier filter of 515-555 nm. DAPI staining was observed with an excitation filter of 330 -380 nm and a barrier filter of 420 nm.
For the pharmacological experiments, a BrDU index was computed for the VZ of E16 cortical explants and the external granular layer (EGL) of P3 cerebellar explants as described above. Comparisons of the different treatment groups were also done using SuperANOVA software.
RESULTS

Clusters are confined to the VZ
In the present study we have used biocytin to fill and label cells intracellularly in the cortical plate (CP), the IZ, and the VZ in both embryonic rat and mouse neocortex. We reported previously that Lucifer yellow injected into single cells within embryonic rat cortex resulted in the labeling of clusters of cells only when injections were made into VZ cells (LoTurco and Kriegstein, 1991) . Biocytin has been shown to label coupled groups of neural cells better than Lucifer yellow does in both retina (Penn et al., 1994) and neocortex (Yuste et al., 1992) . Nevertheless, in the embryonic rat or mouse neocortex, results with biocytin injections are similar to results obtained with L ucifer yellow injections. As seen with L ucifer yellow injections, biocytin injections label groups of more than two cells (clusters) only when injected into VZ cells (Fig. 1C) . Injections within the I Z or C P labeled only single cells (Fig. 1 A, B) . In slices, injections into SVZ cells labeled only single cells. In addition to labeling clusters, biocytin injections into cells in the upper part of the VZ, particularly in the latter stages of neurogenesis, often labeled one to two cells (Fig. 1 D) .
Clusters contain precursors in S, G 2 , and G 1
To determine the relationship between the phases of the cell cycle and cluster composition, we developed a BrDU pulse-labeling protocol based on cell cycle times reported for cells in the PVE of mice (Takahashi et al., 1995) . Using the strategy illustrated in Figure 2 A, we labeled populations of cortical precursors in different phases of the cell cycle. Pregnant dams ranging from E13 to E18 were injected with the BrDU and allowed to survive for 1-2, 4, or 8 hr. These survival times allowed us to label cells primarily in S, late S/G 2 , and G 1 phases of the cell cycle. Animals were then killed, and the embryos were removed. Cortical explants were taken from the embryos, and VZ clusters were filled with biocytin (Fig. 2 A) . Tissue was then processed for biocytin and BrDU double labeling as described in Materials and Methods. Figure 2 B shows BrDU-stained cells within a cluster of coupled cells stained for biocytin. BrDU-labeled cells were present within clusters for the 1-2, 4, and 8 hr survival times. Therefore, precursors in S, G 2 , and G 1 are all members of clusters.
Clusters do not contain cells in M
Cells undergo a marked change in morphology during M phase; they retract their processes, move to the VZ surface, and divide. This alteration in morphology and the results described below indicating decreased coupling in G 1 suggested that precursors may uncouple from clusters during M. To determine whether M phase cells were coupled to clusters, we used a fluorescent label for clusters in combination with a fluorescent label for nuclei, DAPI, to identify M phase nuclei. Neither rounded M phase nuclei nor mitotic figures were found to be coupled into clusters (Fig. 3 E, F ) (n ϭ 12). As shown in Figure 3 , rounded M phase cells appeared to be explicitly excluded from clusters; the apical processes extending from cells in clusters wrapped around M cells at the ventricular surface.
A direct way to determine whether M phase cells were members of clusters would be to fill cells in M phase with biocytin. We were, however, unable to directly patch clamp cells that were in M phase. Recent calcium imaging experiments (D. F. Owens and A. R. Kriegstein, unpublished observations), however, show that mitotic cells often display transients in calcium concentration, and these transients do not spread into surrounding cells. Calcium should easily pass through gap junction channels; therefore, consistent with the current biocytin and DAPI double-labeling experiments, most if not all cells in M phase are not members of clusters.
Clusters contain radial glial cells
In most clusters, a single process extends from the top of the cluster into the IZ and often branches into several processes that project through the CP to the pial surface. In 38 of 45 (84.4%) clusters, a single fiber extended from the cluster through the IZ. Clusters lacking a process contained an average of 25 cells whereas those clusters with a process averaged 30.22 cells. To determine whether these processes were coming from either neural precursors or radial glial cells, we performed double fluorescent-labeling experiments on explants from E16 mice. For these experiments, the monoclonal antibody RAT 401 that has been shown to label radial glia in mouse cortex (Alvarez-Buylla et al., 1987; Sherman et al., 1992) was used in combination with a fluorescent-labeling protocol for intracellularly injected biocytin. As shown in Figure 3 , A and B, processes extending from clusters into the IZ are labeled with RAT 401. In fact, all processes that extended from clusters in the VZ into the CP were labeled with RAT 401 (n ϭ 7). Thus, clusters in the VZ are organized around single or very few radial glial cells. Furthermore, because all biocytin-labeled processes extending into the IZ were positive for RAT 401, migrating neurons that may still be within the VZ and have leading processes extending into the I Z are not coupled to clusters.
Clusters do not contain postmitotic neurons
A postmitotic population of cells in the VZ expresses antigen for the monoclonal antibody TUJ (Menezes and L uskin, 1994 ). This population is believed to represent a population of postmitotic, radially migrating neurons within the proliferative zone (Menezes and L uskin, 1994) . We used double labeling to determine whether this population of cells is coupled to clusters. As shown in Figure 3 , TUJ-labeled cells immediately adjacent to clusters were not coupled to cells within clusters (n ϭ 5). This result, together with the observation that cells in the I Z are not coupled to clusters, suggests that clusters may not contain postmitotic neurons.
Coupling is influenced by cell cycle phase and stage of neurogenesis
To determine whether coupling in clusters changed through the course of the cell cycle, we compared the BrDU index determined for clusters with the BrDU index determined for the population of VZ cells. If the BrDU index for clusters is greater than the index for the population, then there is an increased coupling into clusters in that particular phase of the cell cycle, and conversely, if the BrDU index for clusters is less than that for the population, then there is a decrease in coupling in that phase of the cell cycle. The BrDU index for the population nearly doubles between the 4 and 8 hr survival times, a result consistent with the doubling of cells after division. The BrDU index for clusters, however, remains similar between 4 and 8 hr (Fig. 4) . At 8 hr the difference between the cluster index and the population index is significantly different (**p Ͻ 0.01; n ϭ 17). The decreased BrDU index in the clusters relative to that in the population at the 8 hr survival time indicates that many cells in G 1 phase are not coupled to clusters.
In addition to the difference in BrDU indices at 8 hr, there was a significant difference between the cluster and VZ indices for the 1-2 hr survival time or S phase (*p Ͻ 0.05). Unlike the difference at 8 hr, however, the difference at 2 hr was only evident in latter stages of neurogenesis. One to two hours after BrDU injection in E16 -18 embryos, ϳ25% of the proliferative population in the VZ is labeled with BrDU, whereas BrDU labeling within clusters was only ϳ10%. These results indicate that in late neurogenesis less than one-half of the cells in S phase are coupled into clusters. Figure 4C shows a plot of the differences between the cluster BrDU index and population BrDU index across different days of neurogenesis for the three survival times corresponding to G 1 , late S/G 2 , and S phases (8, 4, and 1-2 hr survival times, respectively). A negative difference indicates that there are fewer cells represented in clusters than in the population. There are fewer G 1 cells in clusters than in the population at both E13 and E16. Cells in S are initially equally represented in clusters and in the population; however, by E16 there are fewer cells in S within clusters than there are in the population. Cells in late S/G 2 , in contrast, are equally represented in clusters and within the VZ population at E14 but by E16 are actually enriched in clusters relative to the VZ population. The change in coupling in later neurogenesis is consistent with the location and change over time in the number of uncoupled cells labeled with biocytin. Cells that are not coupled to clusters in the VZ are most frequently filled in the upper one-half of the VZ, the same region in which many G 1 and S phase cells are located. Similarly, there is an overall increase in the incidence of uncoupled cells in the VZ in late neurogenesis (LoTurco and Kriegstein, 1991) .
Uncoupling decreases the number of precursors that enter S phase
During later stages of neurogenesis in the neocortex, the G 1 phase of the cell cycle increases significantly in length, and an increasing fraction of cells exits the cell cycle (Takahashi et al., 1995) . Because we found that there was a decrease in the percentage of cells in clusters in S phase in later stages of neurogenesis (Fig. 4C) , we hypothesized that uncoupling may decrease the The BrDU index for a cluster and that for the VZ population were significantly different at the 8 hr survival time or during G 1 (T ukey, **p Ͻ 0.01). Omnibus ANOVA comparing the VZ index with the cluster index across all times was significant at p Ͻ 0.01 (E13-E18) . B, In late neurogenesis (E16 -E18), there is a significant difference between the VZ and cluster indices at both 1-2 hr (primarily S phase cells) and 8 hr (G 1 phase cells) (Tukey, **p Ͻ 0.01). C, A summary of the differences in BrDU indices between cells in clusters and cells in the VZ population. Unlike the analyses in A and B that show the means and SEM of the BrDU index determined separately for each cluster, the percentage differences reported in C are for the percentage of BrDU-labeled cells determined for cells in all clusters pooled together. The difference index indicates the fraction of BrDU cells in the population that cannot be accounted for in clusters in early and late neurogenesis for three phases of the cell cycle.
probability that a cell enters S phase. To test this hypothesis, we conducted experiments in which explants of E16 cortex were incubated for 5 hr in either halothane (1 mM) or octanol (1 mM). Both halothane and octanol have been shown to uncouple clusters in the VZ, as measured by both dye spread and an increase in membrane resistance (L oT urco and Kriegstein, 1991; Mienville et al., 1994) . To determine whether these concentrations of halothane or octanol could have nonspecific effects on the cell cycle, we also incubated slices of P3 cerebellum. EGL cells in the cerebellum are a cycling population of neural precursors that are not coupled together by gap junction channels, as measured by injections either of L ucifer yellow (data not shown) or of biocytin (Rossi and Slater, 1993) . We reasoned that if the effects of halothane and octanol were specific to gap junction coupling, then uncoupled cycling cells should be insensitive to halothane and octanol. Figure 5 shows the results from these experiments. Incubation of cortical explants with either octanol or halothane decreased the number of cells that were in S phase (halothane by 22% and octanol by 43%). In contrast, neither uncoupling agent had an effect on the percentage of cells that were in S phase in the EGL. In addition, the BrDU indices for cells in the SVZ, which similar to EGL cells are not coupled, were not significantly different between control or halothane-or octanol-treated explants (data not shown). Together, these results indicate that coupling between cells in the VZ increases the probability that cells enter S phase.
DISCUSSION
As precursors progress through the cell cycle, they couple into clusters in S, remain coupled through G 2 , uncouple in M, and recouple through G 1 . In early neurogenesis the recoupling is complete by the next S phase; however, in later neurogenesis recoupling is not complete until G 2 . In addition, if VZ cells do not reenter S (i.e., either cells migrate into the IZ, or TUJ-labeled cells remain within in the VZ), then they do not rejoin clusters. VZ clusters also contain radial glia in addition to precursors in the cell cycle (Fig. 6 ).
Coupling through cortical development
Coupling has been described for neocortical neurons in later stages of development (Gutnick and Price, 1981; Yuste et al., 1995) . In the early postnatal period in rats, coactive domains of neocortical neurons have been shown to be formed by gap junction coupling, and these domains may function in activitydependent circuit formation (Yuste et al., 1995) . Because our results with biocytin fail to show any coupling between either migrating neurons in the IZ or neurons within the embryonic CP, the coupling in later cortical development must result from neu- rons coupling after their migration into the C P. The pattern of coupling and uncoupling between precursors in the VZ and then later between neurons in cortical layers is consistent with the recently described changes in the pattern of connexin expression through cortical development (Nadarajah et al., 1997) .
Coupling between radial glia and neural precursors
Our results show that clusters in the VZ contain both radial glial cells as well as neural precursors. Most clusters have long processes that extend out of the VZ and to the pial surface. These processes stain positively for the radial glial cell marker RAT 401. Radial glial cells provide a scaffolding for neurons migrating out of the VZ (Rakic, 1988; Gasser and Hatten, 1990; Hatten, 1990) , and it has been suggested that clusters of ontogenetically related neurons migrate out of the VZ along the same radial glial fibers (Rakic, 1988) . Our results indicate that before migration cortical precursors in the VZ directly communicate with radial glia through gap junction channels. Moreover, clusters seem to be organized around single radial glial cells, raising the possibility that radial glial cells, in addition to directing migration, could also serve to propagate signals from the intermediate zone, marginal zone, or CP back to a restricted set of precursor cells in the VZ.
Coupling and implications for cell fate
Both lineage analysis (Reid et al., 1995) and imaging experiments (Fishell et al., 1993) indicate that cortical precursors in the VZ can migrate tangentially through the VZ (Fishell et al., 1993) . The cells within a clone that migrate out of the VZ along a similar radial path have similar fates (Parnavelas et al., 1991; Reid et al., 1995) , although those that migrate tangentially generally have fates different from the radially migrating cells in a clone. This pattern suggests that there may be spatially localized signals within the VZ that differentially influence the fates of cells. Such spatially restricted signals have yet to be identified within the VZ; however, cell clustering provides a mechanism in which cell interactions are tightly restricted to small regions within the VZ. In addition, we have shown that many cells in M and G 1 have uncoupled from clusters. Perhaps uncoupled precursor cells migrate tangentially through the VZ and then join a new VZ cluster in a different location by recoupling during S and G 2 phases of their next cell cycle.
Cell cycle and cell coupling
Our data indicate that coupling into clusters changes through the course of the cell cycle. Coupling is high in G 2 and low in G 1 throughout neurogenesis and is high in S in early neurogenesis but low in late neurogenesis. Connexin 26 has been shown to be regulated through the cell cycle in mammary epithelial cells (Lee et al., 1992) . Connexin 26 mRNA levels in these cells are highest in late S and G 2 and are lowest in G 1 . Connexin 43 expression, on the other hand, does not change through the cell cycle. In addition, cycling cells in the regenerating tracheal epithelium of the lung are coupled through S and G 2 and then uncouple in M (Gordon et al., 1982) .
The regulation of coupling through the cell cycle in diverse cell types suggests that connexins may generally regulate cell division. In transformed cells, transfection of connexins (Eghbali et al., 1991; Mehta et al., 1991; Zhu et al., 1991) has been shown to slow proliferation, suggesting that gap junctions may be tumor suppressor genes. Similarly, a subtractive hybridization approach has revealed that connexin 26 is downregulated in mammary tumor cells (Lee et al., 1992) . We find that pharmacological blockade of gap junction coupling decreases the number of cells that enter S phase and propose that, in the VZ, coupling between cells positively influences the entry of cells into S phase.
During neurogenesis in the VZ, G 1 is the only phase of the cell cycle that changes appreciably, approximately tripling in length from early to late neurogenesis (Takahashi et al., 1995) . We show here that coupling in G 1 and S phases decreases through neurogenesis and that pharmacologically uncoupling cells decreases the number of cells that enter S phase. One interpretation of our results is that uncoupled cells have a reduced probability of entering S phase. As a result, G 1 phase would lengthen as coupling decreases, and there would be more uncoupled cells in S phase in late neurogenesis. Clonally related cells have been shown recently to form cell clusters in the VZ, and these clusters, based on their location in the VZ, may have synchronized cell cycles (Cai et al., 1997) . Whereas VZ clusters formed by gap junction coupling are much larger than clonal clusters (ϳ5-to 10-fold more cells), coupling between adjacent cells in a cluster of cells could facilitate synchronized entry into different phases of 
